Mononuclear nonheme iron oxygenases catalyze a diverse array of important metabolic transformations that require the binding and activation of dioxygen.
[1] In the catalytic cycles of the nonheme iron enzymes, several intermediates, such as iron(III) hydroperoxo, iron(IV) oxo, and iron(V) oxo species, have been proposed as active oxidants that effect the oxygenation of organic substrates. [2] Among the proposed intermediates, synthetic nonheme iron(III) hydroperoxo species were shown to be sluggish oxidants that cannot oxygenate organic substrates such as alkanes and olefins. [3] The first nonheme iron(IV) oxo complex was characterized spectroscopically by Wieghardt and co-workers. [4] Subsequently, a crystal structure of a nonheme iron(IV) oxo complex was reported by Rohde et al. [5] Since then, a handful of iron(IV) oxo complexes have been synthesized and investigated in various oxidation reactions, [6, 7] which have demonstrated that nonheme iron(IV) oxo species are capable of oxygenating organic substrates, such as alkanes, alkenes, alcohols, and sulfides.
Iron(V) oxo species have also been inferred as active oxidants in the oxygenation of organic substrates by nonheme iron catalysts. [8] Although such an iron(V) oxo intermediate was synthesized and characterized by various spectroscopic techniques, [9] evidence for the involvement of iron(V) oxo species as active oxidants in catalytic oxygenation reactions was indirect and mainly came from product analysis, such as a selectivity of alcohol over ketone groups in alkane hydroxylation, a kinetic isotope effect (KIE) value greater than 4, and the incorporation of 18 O from H 2 18 O into the products of isotopic labeling experiments. [8] However, iron(IV) oxo complexes have also shown very large KIE values [7] and oxygen exchange with H 2 18 O. [10] Therefore, it is difficult to distinguish the nature of the intermediate(s) (e.g., iron(IV) oxo vs. iron(V) oxo species) in catalytic oxygenation reactions.
Herein, we report a new nonheme iron(IV) oxo complex, Figure 1 ), which shows a high reactivity in the oxidation reactions of alkanes and alcohols. Reactivity studies revealed that the alkane and alcohol oxidations occur by a hydrogen-atom abstraction mechanism. We have also obtained strong evidence that an intermediate that is different from the iron(IV) oxo species is involved in the catalytic oxidation of alkanes and alcohols by an iron catalyst and a terminal oxidant. (Figure 2 a) . This chromophore resembles those associated with S = 1 nonheme iron(IV) oxo complexes. [4] [5] [6] [7] 12] The EPR spectrum of 1 appeared silent, as observed in other iron(IV) oxo species. [5] [6] [7] The ESI mass spectrum of 1 shows a prominent ion peak at m/z 563.0 (Figure 2 b) , which shifts to m/z 565.0 upon introduction of H 2 18 O into the solution of 1 (see Figure S1 in the Supporting Information for mass spectral changes of 1 at different incubation times), which indicates that 1 contains an iron oxo group that exchanges its oxygen atom with H 2 18 O at a slow rate. [10] These mass spectral data are consistent with the formulation of 1 as [Fe 2+ fit to a six-coordinate first shell of light atoms (nitrogen or carbon) at 1.97 , whereas a short 1.67 Fe IV = O bond is required to accurately fit the EXAFS data for 1. The decrease in EXAFS amplitude and Fourier transform intensity could be a result of the combination of the formation of a short Fe IV =O bond and the presence of a mixture because of the incomplete conversion to 1. The short Fe=O bond causes a lengthening of the trans FeÀN bond (see the Supporting Information for XAS results and DFT analysis), which results in a less-ordered first shell. Sharpening of the Fourier transform over the first shell might be a result of the EXAFS wave contribution from the short Fe IV =O bond, as the short EXAFS wave overlaps with the main first-shell feature, which creates destructive interference at high and low k value or from interference from the signals of the starting material (a more detailed analysis of both the pre-edge and EXAFS fits is given in the Supporting Information).
The intermediate 1 has a significant lifetime (t 1/2 % 30 minutes) at 0 8C, which decayed at a fast rate upon addition of substrates, such as triphenylmethane, indan, tetralin, cumene, ethylbenzene, and benzyl alcohol. Pseudofirst-order fitting of the kinetic data allowed us to determine k obs values, and the pseudo-first-order rate constants increased linearly with the increase of substrate concentration ( Figure S4 in the Supporting Information); the second-order rate constants, k 2 , at 08C were 2. 4 [14] we have obtained a linear correlation between the reaction rates and the CÀH BDE of substrates (Figure 4) . The observation that the rate constants decrease with the increase of the C À H BDE of the substrates implicates an H-atom abstraction as the rate-determining step for the oxidation. [15] Further evidence for the H-atom abstraction mechanism was obtained from the measurement of KIE values in the oxidation of cumene, ethylbenzene, and (N4Py = N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)methylamine) [7a,b] and in the cleavage of the target CÀH bond of taurine by the Fe IV =O intermediate of taurine:aketoglutarate dioxygenase (TauD). [17] The good correlation between reaction rates and BDE of substrates and large KIE values in the C À H bond oxidation of alkanes and alcohol support the notion that the oxidation of alkanes and alcohols by 1 occurs by an H-atom abstraction mechanism. + (see the proposed structure 3 in Scheme 1). The EPR spectrum of 3 shows a strong signal at g = 4.3, which is typical of a high-spin (S = 5/2) Fe III species ( Figure S6c in the Supporting Information). The spectroscopic observations indicate that the aromatic ring hydroxylation of benzyl alcohol took place at the ortho position, which affords an iron(III) complex that bears a 2-hydroxybenzyl alcohol ligand (Scheme 1, pathway e). [18] This proposal is based on recent reports that reactions of nonheme iron(II) complexes that bear two cis-labile sites, such as [Fe(tpa)]
, react with perbenzoic acids or benzoic acid and H 2 O 2 to afford iron(III) salicylate complexes. [19] We therefore propose that the aromatic ring hydroxylation is a preferred pathway in the oxidation of benzyl alcohol by the intermediate 2. In contrast, the formation of 3 was not observed in the reaction of 1 and benzyl alcohol, which demonstrates that 1 does not hydroxylate the aromatic ring of benzyl alcohol but oxidizes benzyl alcohol to benzaldehyde (Scheme 1, pathway d).
By carrying out isotopic labeling experiments, the intermediate 2 was found to contain an iron oxo group that was exchangeable with H 2 18 O at a fast rate. We have shown above that the iron oxo group of 1 exchanges with H 2 18 O at a slow rate (that is, ca. 50 % 18 O exchange after 20 minutes incubation; Scheme 1, pathway f and Figure S1 in the Supporting Information). Interestingly, when 1 was generated in the presence of H 2 18 Figure 2 b ). These results imply that 2 exchanges its oxygen atom with H 2 18 O at a fast rate (Scheme 1, pathway g), followed by the conversion of 2 to 1 (Scheme 1, pathway h). The present results further indicate that the proposed iron(V) oxo species exchanges its oxygen with H 2 18 O much faster than the corresponding iron(IV) oxo species. This speculation is of interest since the dependence of the oxygen exchange of metal oxo species on the oxidation states of metal ions has never been explored previously, [20] and we are currently investigating the effect of the metal oxidation states on the oxygen exchange between high-valent metal oxo complexes Figure 4 . Plot of log k 2 ' of 1 against the CÀH BDE of substrates. Second-order rate constants, k 2 , were determined at 0 8C and then adjusted for reaction stoichiometry to give k 2 ' based on the number of equivalent target CÀH bonds of substrates (that is, one for triphenylmethane and cumene, two for ethylbenzene, and four for indan and tetralin). Scheme 1. Reactions of an in situ generated iron(IV) oxo species (1) and a proposed iron(V) oxo species (2) produces 2, followed by one-electron reduction of the unstable 2 that leads to the formation of 1. [22] Nonetheless, other highvalent iron oxo species, such as [Fe IV (OH) 2 (bqen)] 2+ and the high-spin (S = 2) [Fe IV (O)(bqen)] 2+ , [23] can be considered as plausible structures for 2.
In conclusion, we have reported the synthesis, characterization, and reactivities of a mononuclear nonheme iron(IV) oxo complex, [ 2+ and peracetic acid. The reactivity of 2 is greater than that of 1, the product distributions observed in the reactions of 1 and 2 are different, and 2 exchanges its oxygen with H 2 18 O much faster than 1. Future studies will focus on attempts to characterize the intermediate 2 and understand the reactivity of 2 in various oxygenation reactions.
